Proper functioning of sensory systems requires the generation of appropriate numbers and proportions of neuronal subtypes that encode distinct information. Perception of color relies on signals from multiple cone photoreceptor types. In cone-dominated retinas, each cone expresses a single opsin type with peak sensitivity to UV, long (L) (red), medium (M) (green), or short (S) (blue) wavelengths. The modes of cell division generating distinct cone types are unknown. We report here a mechanism whereby zebrafish cone photoreceptors of the same type are produced by symmetric division of dedicated precursors. Transgenic fish in which the thyroid hormone receptor β2 (trβ2) promoter drives fluorescent protein expression before L-cone precursors themselves are produced permitted tracking of their division in vivo. Every L cone in a local region resulted from the terminal division of an L-cone precursor, suggesting that such divisions contribute significantly to L-cone production. Analysis of the fate of isolated pairs of cones and time-lapse observations suggest that other cone types can also arise by symmetric terminal divisions. Such divisions of dedicated precursors may help to rapidly attain the final numbers and proportions of cone types (L > M, UV > S) in zebrafish larvae. Loss-and gain-of-function experiments show that L-opsin expression requires trβ2 activity before cone differentiation. Ectopic expression of trβ2 after cone differentiation produces cones with mixed opsins. Temporal differences in the onset of trβ2 expression could explain why some species have mixed, and others have pure, cone types.
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vertebrate cone photoreceptors | cone genesis | zebrafish retina | in vivo time-lapse imaging T he proper functioning of neuronal circuits requires the generation and wiring of a diversity of neuronal cell types. A single neuronal cell class often comprises many subtypes that share similar properties, such as neurotransmitter phenotype, but differ in their precise molecular expression profile, morphology, and physiology (1, 2) . How neuronal subtypes that share connectivity with the same populations of postsynaptic cells are produced is not well understood, particularly for vertebrate circuits in vivo. Specifically, are distinct presynaptic partner types of a given postsynaptic cell generated together or produced from separate divisions? When during cell genesis do the presynaptic cell types adopt their respective identities?
Cell lineage analyses have demonstrated that many neurogenic divisions are asymmetric, sometimes producing distinct neuronal classes or a neuron together with a nonneuronal cell type (3, 4) . Examples of progenitors that give rise to a single neuronal class have also been reported (5) (6) (7) (8) (9) (10) (11) (12) (13) . A single progenitor, however, can also produce two distinct neuronal subtypes (14) (15) (16) (17) . In some instances, neurons of the same functional subtype may also share a common progenitor (18) , but their generation may involve both symmetric and asymmetric divisions (13, 19, 20) . Recent retroviral studies in chick retina revealed the presence of two cell clones comprising the same horizontal cell (HC) type (H1 HC) and larger clones with even numbers of H1 and H3 HCs (11) . It was suggested that HCs of the same type are generated by a symmetric terminal division of a "determined progenitor" or by two or more asymmetric divisions producing only one type of HC (11) . To directly determine whether symmetric divisions generate a specific type of neuron and to assess how common such divisions are, we followed cone photoreceptor genesis in vivo in a vertebrate by time-lapse imaging. We were particularly interested in the cone population because these cells represent a good model system for investigating the modes of cell division that generate a diversity of presynaptic cell types that provide converging input onto a common set of postsynaptic cells.
Cone photoreceptors in many vertebrates express a single opsin with peak sensitivity to a specific wavelength of light (21) and are, thus, functionally distinct. Signals from these separate sensory channels recombine as they converge onto postsynaptic cells in the outer retina to provide a rich palette of color information underlying an animal's visual perception (22) . Zebrafish have four types of cone photoreceptors: long wavelength-sensitive (L) (red), medium wavelength-sensitive (M) (green), short wavelength-sensitive (S) (blue), and UV wavelength-sensitive (UV) cones, each of which expresses L-, M-, S-, or UV-opsin, respectively (23) . Zebrafish have two L-opsin (opn1lw1, opn1lw2) and four M-opsin genes (opn1mw1, -2, -3, -4) in contrast to S-and UV-opsins, which are each encoded by a single gene (24) . Our analysis revealed that L cones are produced by symmetric terminal divisions of a progenitor, revealing the presence of a dedicated precursor for this cone type. Furthermore,
Significance
Color vision requires multiple types of cone photoreceptors, each with peak sensitivity to a specific wavelength. How different cone types are generated in vivo is not clear. We show that there are precursor cells individually dedicated to producing a single cone type. We tracked cone genesis in vivo in transgenic zebrafish in which red cones and their progenitors express fluorescent protein driven by the thyroid hormone receptor β2 promoter. We discovered that red cones are generated by symmetric terminal divisions of a red-cone precursor. Moreover, UV, blue, and green cones also have their own dedicated precursors. Thyroid hormone receptor β2 expression in cone precursors is required to produce pure red cones, whereas expression after cell division results in cones with mixed opsins. their subtype identity is defined before cone differentiation, most likely at the precursor stage. We found that other cone types can also be produced by symmetric terminal divisions. Furthermore, the transcription factor thyroid hormone receptor β2 (trβ2) is critical for L-cone fate in zebrafish, suggesting a conserved mechanism for defining cone-type fate in vertebrates (25) . However, our study further raises the intriguing possibility that species differences in the expression of opsins within individual cones (single opsin versus mixed opsins) may be dependent on the temporal onset of trβ2 activity.
Results

L-Cone Pairs Are Produced by Symmetric Division of a Dedicated
Precursor. In larval retina, all cone types are generated and differentiate within 4 d postfertilization (dpf) (26) . However, how the four cone types are generated is yet unknown. We cloned the zebrafish trβ2 promoter and found that it drives fluorescent protein (FP) expression specifically in cone photoreceptors (Fig.  1) . Promoter analysis showed that the intron downstream of the first coding exon of trβ2 is essential and sufficient to drive gene expression in cones, in accordance with the previous analysis on cis-regulatory elements of mouse trβ2 (27) (Fig. 1A ). All trβ2:FPexpressing cones (n = 1,027; n = 3 eyes) immunolabeled exclusively for L-opsin ( Fig. 1 B and C) and not other opsins (Fig. S1 ).
We found that trβ2:FP expression initiated in progenitor cells before cone photoreceptors were generated [imaging period: 24-70 h postfertilization (hpf)]. In situ hybridization showed that endogenous message for trβ2 is present early, at the time when FP is first detected in progenitor cells (Fig. S2) . In vivo imaging of trβ2:FP retinas revealed the presence of progenitor cells that underwent symmetric divisions at the apical surface of the retina. The daughter cells remained at this surface and differentiated into cones (n = 59 divisions followed; n = 10 eyes; Fig. 1 D and E). We conclude that these divisions produced a pair of L cones because expression of trβ2:FP is restricted to this cone type. Thus, we identified a precursor dedicated to generating not only cones but also a functionally distinct type of cone, the L cone. To gain a sense of how common such dedicated precursor divisions were, we imaged the proliferative ciliary marginal zone of a transgenic line, Tg(trβ2:tdTomato), between 51 and 60 hpf at 30-min intervals (n = 3 time lapses; Fig. 1F and Movie S1). We tracked the origin of all of the L cones within a local region (n = 32 cones tracked) that were generated during the period of imaging and found that all of them were derived from symmetric division of a tdTomato-expressing precursor, suggesting that this mode of cell division is a major route of producing L cones.
Cell Lineages of L-Cone Precursors. We traced the lineage of trβ2: GFP-expressing progenitors by monitoring cell divisions before the L-cone precursors were themselves generated. Using transient expression of trβ2:GFP plasmid to limit the number of FPlabeled cells, we followed the sequence of neurogenesis that led to the production of L-cone pairs. We observed that L-cone precursors share a lineage with HC precursors (10) (n = 5 time lapses). Both of these precursor types could arise from a prior division that also produces ganglion cells (e.g., Fig. 2A ). We carried out time-lapse imaging of a double-transgenic line, Tg (trβ2:tdTomato; ptf1a:GFP), in which GFP expression labels virtually all HC precursors and HCs (10), and examined coexpression of tdTomato and GFP in mitotic figures in the inner nuclear layer (INL). We found that about 70% of GFPexpressing mitotic figures in the INL were tdTomato-positive (30-min time interval; 8 h total; 102 of 143 mitotic figures show colocalized signals; Fig. S3A ). Because we showed previously that the vast majority of HCs in zebrafish are generated from HC precursors (10), these observations suggest that L-cone precursors and HC precursors are largely derived from a common progenitor. In some divisions (n = 3), the progenitors gave rise to ganglion cells and L-cone precursors, without generating HC precursors (Fig. 2B ), in keeping with the greater number of L cones than HCs in the differentiated retina. Finally, a division can produce two L-cone precursors that subsequently produced four L cones, as observed in one example (n = 1 of 9 time lapses). Unlike the L cones, FP expression in both HC precursors and ganglion cells was down-regulated. Overexpression of trβ2 in HC precursors, however, did not suppress the production of HCs (Fig. S3B) . In no instance did we observe trβ2:FP expression in amacrine cells, bipolar cells, rod photoreceptors, or Müller cells; however, transient expression of trβ2:FP in these cells remains a possibility. Together, our observations suggest that L-cone precursors are produced by both symmetric (two L-cone precursors) and asymmetric (an L-cone precursor and another cell type) patterns of cell division involving trβ2:FPexpressing progenitors. Other Cone Types Can Be Generated from Symmetric Terminal Divisions.
Are there also dedicated precursors for the other cone types? To address this, we cloned the promoter fragment of zebrafish cone-rod homeobox (crx) that is expressed by mature photoreceptors and cells in the outer retina before cone genesis (28, 29) . The promoter was used to drive transient expression of FP in a small number of cells, and each cone type was labeled genetically or by immunofluorescence. We noticed isolated pairs of crx:FP-positive cones that were almost always of the same type (56 of 57 pairs; Fig. 3 A and B) . These cone pairs were next to each other, with intercone distances similar to that of their respective populations (Fig. S4) . Although we cannot be sure that these cone pairs were part of a clone, the probability of obtaining greater than 56 of 57 cone pairs comprising the same cone type by random labeling is extremely low (P r = 4.5 × e −30 ) (SI Materials and Methods and Fig. S5) .
We followed the division of crx:MCFP-expressing cells in the background of a double-transgenic line in which UV cones and L cones are fluorescently labeled [Tg(sws1:histone2AYFP; trβ2:tdTomato)] (30). After tracking a division, the animals were allowed to mature until we were able to identify the progeny (Fig. 3 C-G) . We found examples of cone-precursor divisions that produced a pair of UV cones and a pair of M cones (n = 1 each). We have not yet managed to directly observe a precursor for S cones (n = 4 time lapses; 20-h duration), but likely an S-cone precursor exists given the presence of isolated S-cone pairs in the transient transfections (Fig. 3A) . Thus, all cone types can be generated by dedicated precursors undergoing symmetric divisions.
Trβ2 Functions Before Cone Differentiation to Specify and Restrict L-Opsin Expression. In mice, the majority of cones express both L/M-and S-opsins, although a small fraction of cones in the dorsal retina or ventral retina expresses only M-or S-opsin, respectively (31) . The loss of trβ2 in mice results in the absence of M/L-opsin expression concomitant with an increase in S-opsin expression (25) . Phylogenetically, mouse S-opsin and M/L-opsin correspond to fish UV-opsin and L-opsin, respectively (21, 23) . We, thus, determined whether endogenous trβ2 is necessary for L-opsin expression in zebrafish by knocking down trβ2 using a morpholino oligonucleotide (MO) targeting the junction region of the first coding exon and the following intron of trβ2. The morpholino sequence avoids affecting trβ1 that is transcribed from the same locus as an alternative splice variant. Verification of the splicing error caused by trβ2 MO is shown in Fig. S6 . There was no significant change observed in the total density of cones in the morphant (Fig. 4 A and B) or generation of other retinal cells (Fig. S7) . However, knocking down trβ2 expression severely reduced the number of L cones and caused a corresponding increase in UV cones (Fig. 4 A and B) , consistent with the phenotype of trβ2 knockout mice (25) . In contrast, the numbers of S cones and M cones were not affected (Fig. 4 A and B) .
We then rescued L-opsin expression in the morphant by driving trβ2 expression in stable transgenic lines using the cone photoreceptor promoters, crx and gnat2 (guanine nucleotide binding protein, α transducing activity polypeptide 2). In these lines, the crx promoter drives transgene expression early in development when cone precursors are present, and the gnat2 promoter (32) drives transgene expression in postmitotic cones (Fig. S8 ). Trβ2 and MYFP were coexpressed bicistronically in fish lines, Tg(crx: MYFP-2A-trβ2) and Tg(gnat2:MYFP-2A-trβ2), by using the 2A peptide sequence (33). We injected trβ2 morpholino into fertilized eggs of these transgenics and then examined cone opsin expression at 5 dpf (Fig. 4A) . We found that trβ2 expression under either promoter rescued L-opsin expression (Fig. 4A) . Thus, trβ2 is necessary for determining L-cone fate and can induce L-opsin expression in cones even after cone differentiation.
In morpholino-treated Tg(crx:MYFP-2A-trβ2) fish, virtually all cones expressed L-opsin, and the numbers of other cone types were significantly reduced (Fig. 4 A and B) . The density of rods was also reduced (Fig. S9) . In contrast, in morpholino-treated Tg(gnat2:MYFP-2A-trβ2) fish, although L-opsin expression was restored, many cones expressed L-opsin together with another opsin (Fig. 4 C and D) . More than half of the cones that expressed UV-opsin or M-opsin also contained L-opsin (Fig.  4D) . Interestingly, expression of trβ2 in postmitotic cones did not prevent the increase in UV-cone density induced by the morpholino, in contrast to overexpressing this protein under the crx promoter in the morphant. However, although early overexpression of trβ2 under the crx promoter suppresses S-opsin production, we did not find mixed S-and L-opsin-expressing cones in Tg(gnat2:MYFP-2A-trβ2) fish. Thus, unlike UV or M cones, S cones do not coexpress L-opsin when trβ2 is overexpressed after cone differentiation.
Discussion
Generating Neuronal Diversity Within a Single Neuronal Class. Dedicated precursors producing a single neuronal class, retinal HCs, have been shown in prior works (10, 13) . Retroviral lineagetracing observations are consistent with the existence of precursors that divide only to produce the same type of HC (11) . Our study in zebrafish demonstrates the presence of a dedicated cone subtype-specific precursor in vivo. We only found siblings with identical opsin expression in our time-lapse imaging. Thus, we have directly uncovered a mode of symmetric terminal division that underlies the production of not only a specific neuronal cell class but also, likely, each of the subtypes within this single cell class. Indeed, a previous in vivo-imaging study in zebrafish demonstrated that terminal division generating two photoreceptors is not uncommon (55 of 197 terminal divisions of all kinds tracked), although their identities were not determined (13) . Our study suggests that many, if not the majority of, zebrafish cone pairs are likely to comprise the same cone type. However, like mice (6, 12) , it remains possible that, in zebrafish, cones are produced by an asymmetric division, giving rise to a cone and another retinal cell type before the dedicated precursors are generated (13) .
Our time-lapse observations demonstrated properties of the L-cone precursors that contrast with other germinal cells. The dedicated precursor has a short basal process, ending at the outer plexiform layer rather than contacting the basal lamina. However, like fish HCs and rod photoreceptors (8, 10) , division of the L-cone precursor occurs at the cellular layer at which the progeny finally reside. We also found that the postmitotic cones, despite being consistently spaced, showed very little lateral movement, possibly allowing them to rapidly integrate into their mosaics (34).
Our analysis also indicates a clear segregation of lineages between L cone and other cone types but a close lineage relationship between L-cone precursors and HC precursors. Recent studies showed that pairs of photoreceptors are generated within various cell lineages, but photoreceptors are often found together with HCs in the same clone (13) . Our current observations suggest that these photoreceptors are likely to be L cones because both L-cone and HC precursors are labeled in the trβ2: XFP transgenic animals. A close relationship in the lineages of cones and HCs is also found in mice (12) .
The ciliary marginal zone of the teleost retina continues to add newly generated cells throughout life and produces a crystalline cone mosaic in which the ratio of different cone types and their spatial arrangements are stereotypic (34) . As yet, we do not know whether symmetric terminal divisions produce specific cone types in the adult retina, and, if so, how such a cell-generation mechanism can act to accurately position each cone type to form their mosaics. It is possible that the adult ciliary marginal zone takes on a different strategy to produce cones. Future in vivo time-lapse imaging studies of the adult ciliary marginal zone are necessary to distinguish between these possibilities.
It is also possible that symmetric terminal divisions giving rise to specific cone types extend to other species. Indeed, even though, in the mouse retina, the majority of clones contain a single cone, two-cell clones comprising only cones have also been found (6, 12) . However, the opsin fates of the progeny were not determined. Thus, it remains to be determined whether "dedicated cone-type precursors" represent a strategy for producing distinct cone types only in cone-dominated retinas, such as zebrafish and primate, and not in retinas comprising cones containing mixed opsins, as in mice. Alternatively or additionally, this mode of cell division could be an efficient strategy to amplify cone number within a short time frame for animals that need to develop rapidly. If cone opsin expression is separately determined for each progeny of the division, it would be necessary to coordinate this regulation across cones to attain the final population of each cone type. Instead, attaining the final numbers and appropriate proportions of each cone type (34) via a dedicated precursor would only require control of precursor generation or their division.
Transcriptional Regulation of Cone-Type Identity. Much work in the past decade has focused on ascertaining the transcriptional regulation of photoreceptor cell fate in the vertebrate retina (reviewed in ref. 35 ). The current model based on studies of the mouse retina proposes that the photoreceptor fate is committed upon expression of the transcription factor Otx2 (36). Subsequently, expression of Nrl dictates rod photoreceptor fate (37) , whereas, in Nrl-negative photoreceptors, Trβ2 and thyroid hormone confer M/L-opsin expression but suppress S-opsin expression by TRβ2 forming a heterodimer with retinoid X receptor γ (25, 38, 39) . Our loss-of-function experiments indicate that this role for trβ2 is conserved in zebrafish. As in mice (25) , we show that, in zebrafish, trβ2 is important in the choice of L-versus UV-cone fate. In mice, thyroid hormone becomes distributed in a gradient across the retina as cones differentiate, thereby contributing to the differential densities of short-wavelength cones in dorsal and ventral retina (38) . It is unknown whether a gradient of thyroid hormone exists across the zebrafish eye, although this hormone is likely to be present because deiodinase 2, its activator, is expressed in the embryonic and larval retina [gene expression data from the Zebrafish Model Organism Database (ZFIN); http://zfin.org].
In contrast to mice where Trβ2 expression appears in postmitotic cells (27) , trβ2 mRNA is observed in progenitors as early as 1 dpf in zebrafish. Thus, unlike mice, L-cone fate in zebrafish appears to be determined at the mitotic cell stage, rather than in postmitotic cones (35) . It is interesting to note that in the chick retina, in which each cones expresses a single opsin type (40) , trβ2 is also expressed in progenitors (41) . Does expressing trβ2 in precursors versus postmitotic cells determine whether an individual cone expresses single or mixed opsins? Our experiments overexpressing trβ2 at different developmental time points suggest that trβ2 expression at the precursor stage only permits the production of cones containing solely L-opsin. However, restricting expression of trβ2 to postmitotic cones allows for coexpression of L-opsin and another opsin type (UV and M but not S). The presence of cones with mixed L-and M-or UV-opsin in gnat2:trβ2 overexpressors suggests that UV-and M-opsin expression cannot be suppressed by trβ2 activity after cones have differentiated. The lack of mixed S and L cones in these overexpressors may be because activation of the opn1sw2 promoter suppresses the promoters of L-opsins, opn1lw1 and opnlw2, which are located about 2 kb downstream from the S-opsin gene (24) . These observations together raise the possibility that cones expressing both M/L-and S-opsin in mice exist because Trβ2 acts in postmitotic cells (27) , and, thus, the temporal differences in the action of this transcription factor may contribute to species differences in the expression of "pure" versus "mixed" cone types.
What factors regulate fate specification of cone types during normal development? Past studies have provided insight into the transcriptional regulation of cone versus rod photoreceptor fate (37, 42, 43) , but, other than for L cones, it is not yet known what factors dictate cones to express UV-, S-, or M-opsin. For example, perturbation of tbx2b causes a fate switch of UV cones to rods but does not alter the number of other cone types (42) . We showed here, however, that, although not yet identified, these factors are likely to act at the cone-precursor stage rather than after cone differentiation. In trβ2 morphants, we found that the loss of L cones is accompanied by a corresponding increase in UV cones, although not S or M cones. Likewise, in mice, loss of Trβ2 function leads to a decrease in M/L cones with a parallel increase in S cones that is the mouse ortholog of zebrafish UV cones (25) . Although the relative numbers of long-and shortwavelength cones are likely to be determined at the precursor stage in zebrafish, in rodent, this relationship appears to be controlled in the postmitotic cones (35) and maintained by thyroid hormone in the adult (44) . What would be interesting to determine in the future is whether, like Drosophila (45), opsin expression of specific cone types requires interactions among different cone types to maintain their individuality and to ask how the environment causes individual cones to switch their opsins, a feature common in salmonid fish (46).
Materials and Methods
Transient Expression of Transgenes. We injected plasmid DNAs diluted in 1× Danieu's buffer at the final concentration of 15-25 ng/μL into the cellular part of one-cell stage eggs using a glass capillary equipped with PicoSpitzer. Detailed information on plasmid construction is found in SI Materials and Methods.
Imaging. We performed in vivo time-lapse imaging of zebrafish larvae either using a custom-designed multiphoton microscope with a 60× 1.1 NA objective (Olympus) or using an Olympus FV1000 confocal microscope. Amira (Visage Fig. 4 . Production of pure L cones is regulated by trβ2 expression in cone precursors. (A) L-opsin-expressing cone numbers are diminished, whereas UV-opsin-expressing cone numbers are increased in animals injected with trβ2 morpholino (MO). L-opsin expression is rescued in the morphant when trβ2 is constitutively active under the crx or gnat2 promoters in the stable transgenic lines. Images were acquired at 5 dpf. (B) Quantification of the density of cones expressing each opsin type for the conditions in A (mean ± SEM). Numbers in parentheses indicate number of eyes. Significant differences are noted by asterisks (*P < 0.001); for each cone type, comparisons were made between trβ2 MO and the GeneTools standard control MO (Std MO) and between trβ2 MO and crx:trβ2/ trβ2 MO or gnat2:trβ2/ trβ2 MO. There was no significant difference in total photoreceptor density among Std MO (mean ± SEM in 100 μm 2 , 18.6 ± 0.3; n = 9 eyes), trβ2 MO (18.9 ± 0.2; n = 7), and gnat2:trβ2/ trβ2 MO (19.1 ± 0.3; n = 7). However, compared with the trβ2 MO, the density of photoreceptors in crx:trβ2/ trβ2 MO was increased (21.6 ± 0.7; n = 6; P = 0.005). Imaging), Fiji and custom-generated software were used for image analysis. Detailed information on image analysis is in SI Materials and Methods.
Antibodies. The primary antibodies used in this study were as follows: rabbit anti-L-opsin and anti-M-opsin (23); anti-S-opsin and anti-UV-opsin (23, 47) ; mouse monoclonal antibody (1D4) against bovine Rhodopsin, which recognizes L-opsin instead of Rhodopsin in zebrafish (48); zpr-1 (ZIRC) (49) , which labels L and M cones; and rabbit anti-DsRed (Clontech). For the secondary antibodies, DyLight (Jackson ImmunoResearch) or Alexa (Invitrogen) conjugated antibodies were used. Detailed information about methods for immunostaining is found in SI Materials and Methods.
Transgenic Zebrafish Lines. Using standard cloning procedures, we generated the following stable transgenic lines: Tg(trβ2:Tdtomato), Tg(trβ2:MYFP), Tg (sws1:H2AYFP), Tg(crx:MCFP), Tg(crx:MYFP-2A-trβ2), and Tg(gnat2:MYFP-2A-trβ2). Detail information on the DNA constructs used to generate the transgenic lines is found in SI Materials and Methods.
Morpholino Knockdown. MO to knock down trβ2 expression (trβ2 MO: 5′-TCTAGAACTTGCAATACCTTTCTTA-3′) was purchased from GeneTools. For negative control, GeneTools standard control MO was used. The verification of the splice error of trβ2 mRNA caused by trβ2 MO and its specificity are shown in Fig. S6 .
